
1. Introduction

Tissue engineering scaffolds play a decisive role in

the repair and regeneration of bones [1–4]. These

scaffolds provide a supporting matrix and an essen-

tial environment for cells to attach, spread, prolifer-

ate, differentiate, and mineralize. Scaffolds consist-

ing of biodegradable polymers and bioactive mate-

rials have attracted great research attention because

they can combine the tailored degradability of poly-

mers with the osteoconductivity of bioactive mate-

rials [2, 3]. Bioactive materials, such as Bioglass®

45S5, combined with lactic acid-based polymers,

showed impressive bone-forming ability [5, 6].

The ions released from 45S5 have been reported to

stimulate the attachment, proliferation, differentia-

tion, and mineralization of osteoblastic cells in vitro

and angiogenesis both in vitro and in vivo [7–9]. The

calcium (Ca2+) and silicate ions released from 45S5

can stimulate osteoblast cell division and the produc-

tion of growth factors and extracellular matrix pro-

teins [9–11]. Ca2+ ions are necessary for bone re-

modeling since they directly activate intercellular

mechanisms by affecting the calcium-sensing recep-

tors in osteoblastic cells [12]. In aqueous solutions,

silicate ions are associated with the formation and

calcification of bone tissue [13, 14]. Magnesium

(Mg2+) ions have been reported to stimulate cellular

activity, especially the adhesion of osteoblasts [15,

16]. These stimulatory effects on cellular activities

play important roles in bone regeneration.

From these reports, it can be inferred that materials

capable of releasing Mg2+, Ca2+, and silicate ions
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might be beneficial as new biomaterials. In our pre-

vious work, siloxane-containing calcium carbonate

(vaterite) doped with magnesium (MgSiV) was de-

veloped [17, 18]. MgSiV particles had distorted

spherical shapes with a diameter of ~1.3 μm and a

thickness of ~0.6 μm; they were capable of releas-

ing Ca2+, Mg2+, and silicate ions in aqueous solu-

tions. The ions released from MgSiV are expected

to promote cell adhesion, proliferation, and differ-

entiation. The ion releasing behavior of MgSiV in

aqueous solutions has been reported in our earlier

work [17]; it was observed that the ions were re-

leased in a short period of time. The rapid release

might cause pH instability and have a significant ef-

fect on homeostasis. We propose that MgSiV can be

used as a filler in polymeric composites. The ion re-

leasing behavior of MgSiV-containing composites

has not been examined so far to the best of our

knowledge.

In this work, lactic acid-based polymers, such as

poly(L-lactic acid) (PLLA) and poly(D,L-lactide-co-
glycolide) (PDLLG), were used as the matrix poly-

mers to prepare the composites with MgSiV particles

as the fillers. PLLA and PDLLG belong to the family

of linear aliphatic polyesters, which are often used

to prepare bioactive composites. The extra methyl

group in the PLLA repeating unit reduces its molec-

ular affinity to water and leads to a slow degradation

[30]. PDLLG with its higher fraction of glycolide

units is likely to hydrate and swell faster than PLLA

and also to degrade faster [19–22]. This work focus-

es on the Mg2+, Ca2+, and silicate ions release from

MgSiV-PLLA and MgSiV-PDLLG composites in

Tris buffer solutions (TBS). Changes in the surface

morphologies of the composites and the pH values

of the solutions are also discussed.

2. Experimental section

2.1. Raw materials

Poly(L-lactic acid) (PLLA) (LACEA, Mitsui Chem-

icals Co. Ltd., Japan) and two kinds of poly(D,L-lac-

tide-co-glycolide) (PDLLG) (Purasorb®; lactide:gly-

colide = 75:25 and 50:50; Corbion Purac Biomate-

rials, The Netherlands) were used in this work. Ac-

cording to the ratio of lactide to glycolide in PDLLG

(75:25 and 50:50), they were named as PDLLG75

and PDLLG50, respectively. The molecular weights

of PLLA, PDLLG75, and PDLLG50 were 140, 170,

and 170 kDa, respectively.

MgSiV particles were prepared using a carbonation

method described in our previous report [17]. Briefly,

133.4 g of Ca(OH)2 was dissolved in a co-solvent

containing 2000 mL of methanol and 200 mL of dis-

tilled water (DW). After CO2 gas was blown in the

solution for 20 min, 11.7 g of Mg(OH)2 and 60 mL

of 3-aminopropyltriethoxysilane (APTES) were added

into the slurry, which was stirred for another 40 min

while CO2 was being blown. The resulting slurry

was dried at 110 °C to obtain MgSiV particles (di-

ameter ~1 μm). The silicon and magnesium contents

of the MgSiV particles were estimated to be 2.8 and

2.0 mass% by inductively coupled plasma atomic

emission spectroscopy (ICP-AES).

2.2. Preparation of MgSiV-polymer composite

films

To prepare the MgSiV-polymer composites, MgSiV

particles were initially kneaded with the polymers.

The ratio of polymer to MgSiV was 53:47 (vol%)

(40:60 in mass%). 28 g of the polymer was poured

into a pre-heated kneading reactor and held for 5 min

for melting and then 42 g of the MgSiV particles was

added into the reactor and kneading was carried out

for 15 min. The processing temperatures were set at

190°C for PLLA, 130°C for PDLLG75, and 110°C

for PDLLG50.

A solution-casting method was employed to prepare

the composite films. Four grams of the kneaded com-

posites were dissolved in 40 g of chloroform and

stirred in a capped vessel for 6 h at room tempera-

ture. The MgSiV-polymer composite solution was

poured into a glass culture dish (ø = 90 mm) to evap-

orate the solvent. After the cast solutions were dried

for 1 d, composite films with ~0.3 mm thickness

were obtained. The resulting composite films are de-

noted as MgSiV-PLLA, MgSiV-PDLLG75, and

MgSiV-PDLLG50.

2.3. Surface morphologies

The surface and fracture morphologies of the com-

posite films were observed using a scanning electron

microscope (SEM, JSM-6301F, JEOL, Japan) after

the specimens were coated with a thin layer of plat-

inum. The cross-sections, obtained by breaking the

films soaked in liquid nitrogen for 2 min with tweez-

ers, were observed to analyze the fracture face mor-

phologies. To characterize the crystalline phases, X-

ray diffraction (XRD, X’pert X-ray diffractometer,

Zhou and Kasuga – eXPRESS Polymer Letters Vol.12, No.2 (2018) 171–179

172



Philips; CuKα, 50 kV, 40 mA) was carried out. The

scanning rate was 1°/min.

2.4. Ion release behavior

The ion releasing behavior of the composite films

was evaluated in TBS as described previously [17].

The preparation of TBS was carried out as follows –

initially, 6.118 g of tris(hydroxymethyl) aminomethane

was dissolved in 1000 mL DW at 37°C and the pH

of the solution was adjusted to 7.4 with 1 M hy-

drochloric acid. To examine the dissolution behavior

of the composite films, each film of ~0.3 mm thick-

ness was cut into square-shaped samples (20 mm×20

mm), which were soaked in 10 mL TBS in a poly-

styrene vessel. The vessel was sealed and stored stat-

ically in an incubator at 37°C. At predetermined time

intervals (1 h~7 d), the soaked samples were taken

out from the solution, rinsed with DW, and dried at

room temperature; meanwhile, the Mg2+, Ca2+, and

silicate ions contents in the solutions were analyzed.

The experiments were performed in triplicate at each

time point for statistical relevance.

The concentrations of the Mg2+, Ca2+, and silicate ions

in the solutions after soaking the samples were meas-

ured by ICP-AES (ICPS-500, Shimadzu, Japan). Cal-

ibration curves were generated using magnesium,

calcium, and silicon standard solutions at 1, 10, and

50 mg·mL–1. The pH values of the solutions were

measured using a potentiometric pH meter (F-73T,

HORIBA Ltd., Japan) at room temperature.

3. Results and discussion

3.1. Surface morphology

Figure 1 shows the SEM images of the composite

films before and after being soaked in TBS. Before

the samples were soaked, MgSiV particles were

found to be spread on the film surfaces homoge-

neously.

Immediately after soaking the films in TBS, MgSiV

particles on the film surface started to dissolve. After

1 h, the amount of particles decreased and numerous

pores, which were comparable in size with the par-

ticles (~1 μm), were observed on the surfaces. These

phenomena are thought to originate from the rapid

dissolution of MgSiV particles on the surface of the

composite films, which were covered with a thin poly-

mer layer that would dissolve within 1 h; during soak-

ing, the thin polymer layers were rapidly hydrolyzed

and degraded and the particles could dissolve in the

solution.

After 1 d, new needle-like products precipitated on

the surface of the samples. In the case of MgSiV-

PLLA, there were almost no changes in the sizes and

number of surface pores while the number of nee-

dle-like products increased. In the case of PDLLG-

based composites, after day 3, the number of ~1 μm

sized pores decreased and larger pores appeared,

which implies the degradation of PDLLG matrices.

After day 3, numerous cube-like products were ob-

served on MgSiV-PDLLG50.

Figure 2 shows the XRD patterns of the composite

films before and after soaking them in TBS. The pat-

terns clearly show the phase transformation of cal-

cium carbonate crystals. Before soaking, the com-

posites were characterized by the strong diffraction

peaks originating from vaterite phase in the MgSiV

particles, containing a small amount of calcite [23].

After 1 d of soaking, the peak intensities of vaterite

in all the samples reduced and peaks corresponding

to aragonite appeared. The new needle-like products

are believed to be aragonite crystals. After 7 d of

soaking, strong peaks corresponding to aragonite

were observed in the diffractograms of MgSiV-

PLLA and MgSiV-PDLLG75. It has been reported

that aragonite is formed in a carbonation process

when the aqueous solution contains Mg2+ ions [24–

27]. The existence of Mg2+ ions in the solution mod-

ifies the nucleation kinetics in the crystallization

process of calcium carbonates. The growth rate of

calcite decreases while that of aragonite is unaffected

[26, 27]. In the case of MgSiV-PDLLG50, after 7 d

of soaking, strong diffraction peaks corresponding

to calcite were observed. The cube-like products are

believed to be calcite crystals. The XRD patterns and

the surface morphologies (Figure 1) suggest that, at

day 7, calcite was the dominant crystal phase in

MgSiV-PDLLG50.

3.2. Ion release behavior

Figure 3 shows the cumulative amounts of Mg2+,

Ca2+, and silicate ions released from the composite

films after they were soaked in TBS. Silicate ion re-

lease was measured in terms of silicon ion release

from a calibration curve generated using the standard

solution for ICP-AES. 

The amount of Mg2+ ions released from the PDLLG-

based composite films increased rapidly within 3 d,

after which the release was almost constant due to dis-

continuous release. In other words, almost all of the

Mg2+ ions embedded in the PDLLG-based samples
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were dissolved within 3 d of soaking in TBS. On the

other hand, in the case of Mg2+ ion release from

MgSiV-PLLA, the cumulative release amounts were

always smaller than those of the PDLLG-based sam-

ples; furthermore, a continuous increase in the

amount of the released Mg2+ ions was observed.

After 7 d of soaking, ~70% of the magnesium in the

intact sample was estimated to have been released.

The Mg2+ ion release behavior might originate from

the chemical structure of MgSiV. During processing,

Mg2+ ions form Mg–O–Si bonds and aggregate on

the surface of calcium carbonate through a deproto-

nated OH group bonding with Ca2+ ions [17, 28].

Ca2+ ions were released rapidly from MgSiV-PLLA

and MgSiV-PDLLG75 within 12 h (~10% of calci-

um content in the original samples); after day 1, the

released Ca2+ ion content decreased and was almost

constant until 7 d. In the case of MgSiV-PDLLG50,

Ca2+ ions were released rapidly within 12 h, and the

released contents were high at day 3 and day 7. The

silicate ion release behavior was similar to that of

Mg2+ ion. Within 3 d, almost all of the silicate ions

were released (80~100% of silicon content in the

original samples). In the case of MgSiV-PLLA, the

Zhou and Kasuga – eXPRESS Polymer Letters Vol.12, No.2 (2018) 171–179

174

Figure 1. SEM images of the composite films before and after soaking in TBS for 1 h~7 d. The scale bar is 10 μm.



release of silicate ions was suppressed relatively

after 12 h.

The rapid release of the silicate ions within 12 h is

considered to be due to the dissolution of the MgSiV

particles on the surfaces of the films. Immediately

after the films were exposed to TBS, dissolution

started. For example, consider the case of MgSiV-

PDLLG75. As shown in Figure 4, at hour 1, a homo-

geneous distribution of the MgSiV particles could

be seen on the surface; pores were formed when

these particles dissolved. The composites include

~50 vol% MgSiV particles, which are embedded in

the polymer matrix phase and some of the particles

might be in contact with other particles. When the

particles dissolved, pores were left in the matrix and

continuous pores, if any, transformed into channels.

In our previous work [29], when PDLLG75 was coat-

ed on a material with Ca2+ and silicate ion release

capability, the resulting material’s release kinetics

followed the Weibull model, showing a purely diffu-

sive release after the hydration of the PDLLG75 layer.

In this work, because of the water uptake ability of

PDLLGs, the MgSiV particles embedded tightly in

the polymer matrix dissolve and ions diffuse through

both the channel and the PDLLG matrix. After day 3,

almost no MgSiV particles could be observed and

some new products formed inside the porous sam-

ples. In the case of PDLLA-based composites, it is
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after soaking in TBS for 7 days. a = aragonite, v =

vaterite, and c = calcite.

Figure 3. Mg2+, Ca2+, and silicate ion release profiles after

soaking the composite films in TBS at 37°C. The

error bars indicate standard deviation.



believed that the absorption-diffusion model comes

into play immediately after the films are soaked in

TBS.

In Figure 3, slight decreases in the cumulative

amounts of Mg2+ and silicate ions were observed.

Although this might be in the region of measurement

error, the possibility of adsorption to form new prod-

ucts around the sample surface might be also con-

sidered. Experiment for clarifying this phenomenon

is in progress.

The amount of ions released from MgSiV-PLLA was

smaller than that from PDLLG-based samples. This

would be due to the strong hydrophobicity and low

degradability of PLLA. The extra methyl group in the

PLLA repeating unit reduces its molecular affinity to

water and leads to slow hydrolysis [30]. Therefore,

the penetration of TBS into the composite is very

slow and it takes a long time for the particles embed-

ded in the PLLA matrix to be exposed to TBS. As a

result, the release of ions is controlled. The routes

for ions release from MgSiV-PLLA are believed to

be developed by the dissolution of MgSiV particles

on the surface and agglomerated ones; thus, the ab-

sorption-diffusion model cannot suitably explain the

release behavior in this case.

Figure 5 shows the pH values of TBS after soaking

the samples. In the case of MgSiV-PLLA and MgSiV-

PDLLG75, the values increased until day 3. Mg2+,

Ca2+, and silicate ions released from the MgSiV par-

ticles on the surface would increase the pH value of

TBS. As a result, the degradation of PLLA and

PDLLG75 might be promoted slightly [20]. As the re-

leased ion content reduced after 3~7 d, the pH values

were almost constant. In Figure 3, the cumulative
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amounts of Ca2+ ions released from the composites

were found to increase up to 12 h of soaking, after

which they decreased to ~200 mg·L–1, which then

remained constantly. After 1 d, the formation of arag-

onite took place (Figures 1 and 2). Aragonite has

been reported to form in Mg2+ ion-containing aque-

ous solutions at pH > ~8 with needle-like shapes

[24]. In other words, Ca2+ ions released from MgSiV

were consumed to form aragonite crystals.

On the other hand, the solution in which MgSiV-

PDLLG50 was soaked, exhibited different Ca2+ ion

content and pH values (in Figures 3 and 5, respec-

tively). PDLLG50 has been reported to have the

highest degradability among the various PDLLG

systems available [22]. The decrease in the pH of the

solution is considered to be due to the rapid hydrol-

ysis of the polymer chains [20]. As a result, the re-

lease of Ca2+ ions is accompanied by a decrease in the

pH. After 7 d of soaking, the pH of the solution was

around 7.5 (<8). During the precipitation of calcium

carbonate polymorphs, solutions with high Mg/Ca ra-

tios tend to precipitate aragonite while those with

low ratios tend to form calcite [27]. In the case of

MgSiV-PDLLG50, after 1 d, the low pH would en-

hance the release of Ca2+. As a result, the Mg/Ca ratio

in the solution decreased, thus favoring calcite for-

mation.

As described earlier, the rate of ion release from

MgSiV-PLLA was slower as compared to PDLLG-

based composites due to the poor water uptake abil-

ity and slow degradation rate of the PLLA matrix.

Therefore, to rapidly release Mg2+ ions and enhance

cell adhesion, PDLLG-based composites would be

preferable.

However, when MgSiV-PDLLG50 is used in the

body, the fast degradation of PDLLG50 would lead

to a dramatic decrease in the pH of the environment

around the material. The high water uptake and

swelling ability of PDLLG50 could lead to wide

channels and pathways, which can enhance the in-

teraction of the particles with aqueous solutions and

facilitate ion diffusion. It should also be kept in mind

that the large variations in pH and amount of ions re-

leased might limit the application of these materials

in bone repair.

In contrast, MgSiV-PDLLG75 is expected to exhibit

a suitable ion release behavior. A large portion of the

Mg2+ ions was dissolved out within 3 d. Ca2+ ions

were released continuously and consumed in arago-

nite formation. This behavior is expected to have a

beneficial effect on cell adhesion. After 3 d, the sil-

icate ion release was almost controlled. Obata et al.
[31] reported that when an appropriate amount of sil-

icate ions was supplied only at the initial stages of

cell culture, mineralization could be enhanced. Such

phenomena are caused by the formation of pathways

for ion release, originating from the water uptake

ability of the polymer. As shown in Figure 1, MgSiV-

PDLLG75 exhibited a healing effect on the small-

sized pores on its surface after 1 d. Since the pH val-

ues after soaking MgSiV-PDLLG75 in TBS increased

moderately to 7.8-8.1, no negative effect on bone-

forming ability would be given.

For effectively stimulating cell activation for bone

repair, the material used should exhibit desirable ion

release and degradation characteristics. In this con-

text, MgSiV-PDLLG75 is expected to be a promis-

ing candidate for bone repair. Advanced applications

to medical devices with drug delivery systems using

MgSiV-PDLLG75 would be also expected. The de-

vices might be derived via various techniques, such

as protein-entrapping [32], electrospinning [33], sol-

gel processing [34], hydrogelation [35] and oil-spill

treatment [36].

4. Conclusions

Three kinds of composites containing MgSiV parti-

cles were prepared using PLLA, PDLLG75, and

PDLLG50 as the polymeric matrices. The release of

Mg2+, Ca2+, and silicate ions from these composites

in TBS was investigated. The strong hydrophobicity

of PLLA controlled the release of ions from the

MgSiV-PLLA composite. The fast degradation of
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Figure 5. The pH values of TBS (at 37°C) after soaking the

composite films. The error bars indicate standard

deviation.



PDLLG50 induced a decrease in the pH of the TBS

soaking solution. During a 7 d period, MgSiV-

PDLLG75 composites exhibited continuous ion re-

lease and the pH of the soaking solution was found

to be steady; these composites exhibited desirable

water uptake ability and degradability, which helped

in the creation of pathways for ion release and dif-

fusion. Therefore, it is concluded that MgSiV in com-

bination with PDLLG75 is suitable for use in bone

repair applications.
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